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O ■ Abstract. Recent results on p(770)", K{892)*°, /o(980), (/)(1020), A(1232)++, and 

A(1520) production in A+A and p + p collisions at SPS and RHIC energies are 
presented. These resonances are measured via their hadronic decay channels and used 
as a sensitive tool to examine the collision dynamics in the hadronic medium through 
their decay and regeneration. The modification of resonance mass, width, and shape 
I due to phase space and dynamical effects are discussed. 
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1. Introduction 



The in-medium modification of vector mesons lias been proposed as a possible signal 
of a phase transition of nuclear matter to a deconfined plasma of quarks and gluons in 
relativistic heavy- ion collisions 
^ ■ Even in the absence of a phase transition, at normal nuclear density, the 

C ' modification of vector meson properties are expected to be measurable. Effects such as 
phase space |21ElllllSlini[ZllHlini UH] and dynamical interactions with matter jH IHl El HI] 
^ ■ may modify the resonance mass, width, and shape. These modifications of the vector 
d ' meson properties take place close to kinetic freeze-out, in a dilute hadronic gas at late 
stages of heavy-ion collisions. At such low matter density, the proposed modifications are 
expected to be small, but observable. The effects of phase space due to the rescattering 
of hadrons and Bose-Einstein correlations between the daughters from the resonance 
decay and the hadrons in the surrounding matter are present in p + p jHl IH El HH] 
and Au-|-Au |2l IH El El 13 El El Hlj collisions. The interference between different pion 
scattering channels can effectively distort the line shape of resonances Dynamical 
effects due to vector mesons interacting with the surrounding matter are also expected 
to be present in both systems, and have been evaluated for the latter [H lUl IHIITT]. 

Those resonances that decay before kinetic freeze-out may not be reconstructed 
due to the rescattering of the daughter particles. In this case, the resonance survival 
probability is relevant and depends on the time between chemical and kinetic freeze- 
outs, the source size, and the pt of the resonance. On the other hand, after chemical 
freeze-out, elastic interactions may increase the resonance population compensating for 
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the ones that decay before kinetic freeze-out. This resonance regeneration depends on 
the hadronic cross-section of their daughters. For example, the K* regeneration depends 
on the Kn cross section (a) while the rescattering of the daughter particles depends on 
(TTTTr and cr,rp, which are considerably larger (factor ~5) than axn jlHl UH US] . In the case 
of the A"*""*", the regeneration probability is expected to be higher than the rescattering 
of the daughters since a-,rp > ct^tt [13 US] • Thus, the study of resonances can provide an 
independent probe of the time evolution of the source from chemical to kinetic freeze- 
outs and yield detailed information on hadronic interaction at later stages. 

2. Results 

The p(770)° preiUI], i^(892)*o HTj, /o(980) yjj, 0(1020) il9i, A(1232)++ [17], A(1520) 
[20] . and S(1385) jlOlET] production were measured via their hadronic decay channels 
at midrapidity {\y\ < 0.5) in Au-|-Au and p + p collisions at ^/s^ = 200 GeV using 
the STAR detector at RHIC. The j22] meson was also studied via its hadronic decay 
channel at \y \ <0.5 in Au+Au collisions using the PHENIX detector at RHIC. At SPS, 
the meson was recently measured via its hadronic decay channel by NA49 at 
0.0<?/<2.0 for the top 7% of the inelastic hadronic Pb-|-Pb cross-section at £'fceam = 80, 
40, 30, and 20 AGeV {y^= 12.32, 8.76, 7.62, and 6.27 GeV, respectively). 

The p*^ mass is shown as a function of pt in Fig. ^for peripheral Au+Au (40-80% 
of the inelastic hadronic cross-section), high multiplicity p + p (top 10% of the minimum 
bias p + p multiplicity distribution for \rj\ < 0.5), and minimum bias p + p interactions. 
The mass was obtained by fitting the data to a p-wave Breit-Wigner function times 
the phase space (BWxPS) described in jTHj. Figure Ul also depicts the mass and 
width as a function of charged particle multiplicity [dNch/dr]) for minimum bias p + p 
and Au+Au collisions. The A++ mass was obtained by fitting the data to the BWxPS 
function (THI and a gaussian function representing the residual background described in 
[T7] . Figure |21 also shows the K*^ mass and width as a function of pt for central Au+Au 
(top 10% of the hadronic cross-section) and minimum bias p + p interactions. The K**^ 
mass was obtained by fitting the data to the BWxPS function ^H] and a linear function 
representing the residual background described in [17j. 

The A"*""*" mass measured in minimum bias p + p and Au+Au collisions for low 
values of dNch/drj is lower than the value reported in [I5j within statistical errors even 
after correcting for phase space (PS). Both mass and width increase as a function of 
centrality, and while the A"*""*" mass is in agreement with the value reported in ^3] for 
large values of dNch/drj within statistical errors, its width is larger than the average 
reported in ^Sj- The increase of the A"'"^ mass as a function of centrality was predicted 
in a recent calculation that introduces the in- medium modification of the A^^ Both 
p° and K*'^ masses increase as a function of pt and are systematically lower than the 
value reported in JHl- The width is in agreement with the average presented in 
[T3] . The mass measured in peripheral Au+Au collisions is lower than the minimum 
bias p + p measurement. The mass for high multiplicity p + p interactions is lower 
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Figure 1. Left panel: The mass as a function of pr- Tlie error bars indicate 
the systematic uncertainty. The dashed hnes represent the average of the p*^ mass 
measured in e+e~ j^. The shaded areas indicate the p° mass measured in p + p 
collisions The open triangles have been shifted downward on the abscissa for 

clarity. Right panel: A"*""*" mass (top) and width (bottom) as a function of dNch/drj. 
The solid lines correspond to the average of the A++ mass and width reported in 
The errors shown are statistical only. 
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Figure 2. The if*" mass (left panel) and width (right panel) as a function ofpr- The 
grey shaded boxes are the systematic uncertainties in minimum bias p + p. The solid 
lines correspond to the average of the K*'^ mass and width reported in 15 . The dotted 
and dashed lines are the results from the Monte Carlo simulations, which accounts 
for detector effects and kinematic cuts, for the Au+Au and p + p measurements, 
respectively. The errors shown for the Au+Au measurement are statistical only. 



than for minimum bias p + p interactions for all px bins, indicating that the p° mass is 
also multiplicity dependent. Recent calculations are not able to reproduce the p° mass 
measured in peripheral Au+Au collisions without introducing in-medium modification 
of the p° meson H El IHl 13 El 13 HH ■ 

Previous observations of the p meson in e^e~ fl^ ESI l2Ej and p + p interactions 
P7] indicate that the p° line shape is considerably distorted from a p-wave Breit-Wigner 
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function. A mass shift of —30 MeV/c^ or larger was observed in e+e collisions at y/s 
= 90 GeV [21 123 121 • In the p + p measurement at y/s = 27.5 GeV [2Z1, a p° mass of 
0.7626 ± 0.0026 GeV/c^ was obtained from a fit to a relativistic p-wave Breit-Wigner 
function times the phase space [2Zj • This result is the only p + p measurement used in 
the hadro-produced p° mass average reported in [TK] . 

The |16| [T7j and /o JH] measurements do not have sufficient sensitivity to permit 
a systematic study of the their widths and the mass of the later. The |221 12H| and 
the A(1520) ^Tj masses and widths are in agreement with the values reported in 

The p^/tt ratios as a function of cm. system energy are depicted in Fig. El The 
P^/tt ratios are from measurements in e~^e~ j2Sl 1211 IHIII, p + p |2Zl IHH 1321 (HBI, K~^p 
[Slj . and 7i~p j^S] interactions at different cm. system energies compared to the recent 
STAR measurement at \y \ <0.5 for minimum bias p+p and peripheral Au+Au collisions 
[ini nil at ^/s^= 200 GeV. The A+^/p ratios from measurements in e+e~ jMl, P + P 
[211, P+Pb inZj, and Pb+Pb [HHj interactions are also shown in Fig. Inland compared 
to the recent STAR measurement at \y\ < 0.5 for minimum bias p + p and for the top 
5% of the inelastic hadronic Au+Au cross-section [T71 at ^/s^ = 200 GeV. Figure IH 
depicts the (f)/K~ ratios as a function of ^/s^. The ratios are from measurements 
in Au+Au collisions at 4.87 GeV [39j and in Pb+Pb collisions for the top 5% of the 
inelastic hadronic cross-section at 17.27 GeV ^Uj; which are compared to the recent 
NA49 results for the top 7% of the inelastic hadronic Pb+Pb cross-section at y's^^^ = 
12.32, 8.76, 7.62, and 6.27 GeV [23, the recent STAR measurements at \y\ < 0.5 for 
minimum bias p + p and for the top 10% of the inelastic hadronic Au+Au cross-section 
at y/s^=200 GeV (THl, and the recent PHENIX measurement at \y\ <0.5 for the top 
10% of the inelastic hadronic Au+Au cross-section at ^/s^ = 200 GeV For the 
top 10% of the inelastic hadronic Au+Au cross-section at y/s^^^ = 200 GeV, while the 
(j) inverse slope obtained from STAR and PHENIX [22] are in agreement, there is 
a factor of 2 difference in the normalization that corresponds to a 1.25a effect. The 
difference in the measurement between STAR and PHENIX is under investigation. 
The K*°/K ratios from measurements in e+e" j^l^ lHn | liT|.p + p jTTir^ l^. and 
p + p [IS] interactions at different cm. system energies are also shown in Fig. H and 
compared to the recent STAR measurement at \y \ < 0.5 for minimum bias p + p and for 
the top 10% of the inelastic hadronic Au+Au cross-section at y/s^^^ =200 GeV [E]. The 
STAR measurements of the (f)/K~ and K*^ / K~ ratios at \y\ <0.5 for the top 10% of the 
inelastic hadronic Au+Au cross-section at ys^=130 GeV [mUn] are also depicted in 
Fig.H 

The p^/vr, K*^/K, (j)/K~, and A++/j9 ratios shown in Fig. |H1 and Fig. [H do not 
present a strong dependence on the colliding system or the cm. system energy, with 
the exception of the K*^ / K~ ratio at -^fs^ = 200 GeV. In this case, the K*°/K~ 
ratio for the top 10% of the inelastic hadronic Au+Au cross-section is lower than the 
minimum bias p + p measurement at the same cm. system energy by a factor of 2. 

Figure IS depicts the pV^i"", K*^ / K' , /o/tt", A++/p, and A7A ratios as 

a function of dNch/dr] at ^/s^ = 200 GeV measured by STAR. All ratios have been 
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Figure 3. Left: p^/n ratios in e+e" EHl Ei EOI , P + P EH El 122 EH , K+p gl], and 

Tr~p interactions at different cm. system energies compared to the recent STAR 
measurement at \y\ < 0.5 for minimum bias p + p and peripheral Au+Au coUisions 
at ^/s^ = 200 GeV ^ [HI- Right: A++ /p ratios in e+e" p + p p+Ph 
|37| . and Pb+Pb interactions at different cm. system energies compared to the 
recent STAR measurement at |?/| < 0.5 for minimum bias p + p and for the top 5% of 
the inelastic hadronic Au+Au cross-section at ^/s^ — 200 GeV ^21 • The errors on 
the ratios at ^s„„ = 200 GeV are the quadratic sum of the statistical and systematic 
errors. The ratios at ^s„„ = 200 GeV are offset from one another for clarity. 



normalized to the corresponding ratio measured in minimum bias p + p collisions at the 
same ^/s^^ and indicated by the dashed line in Fig. El As mentioned previously and 
shown in Fig. 01 the K*^/K~ ratio for the top 10% of the inelastic hadronic Au+Au 
cross-section is lower than the minimum bias p + p measurement at the same cm. 
system energy by a factor of 2. In addition, statistical model calculations jHllZliini are 
considerably larger than the measurement presented in Fig. The K*^ regeneration 
depends on while the rescattering of the daughter particles depends on cr^^ and 
(Tttp, which are considerably larger (factor ~5) than ax-K [T3]. The lower K*^/K~ ratio 
measured may be due to the rescattering of the K*^ decay products. The p°/vr~ and 
/o/vr" ratios from minimum bias p + p and peripheral Au+Au interactions at the same 
cm. system energy are comparable. Statistical model calculations 01111111 for Au+Au 
collisions underpredict considerably the p°/vr~ and /o/tt" ratios presented in Fig.O The 
larger p^/vr" ratio measured may be due to the interplay between the rescattering of the 
p° decay products and p° regeneration. The rescattering of the decay products and 
the regeneration should be negligible due to the longer lifetime (~44 fm/c) and the 
small axK, respectively. As a result, statistical model calculations jZlllHl reproduce the 
4>/K~ ratio measurement depicted in Fig. jSl The centrality dependence of the (t)/K~ 
ratio disfavors the kaon coalescence production mechanism for mesons. Rescattering 
models [U] predict an increase in the 0/i^~ ratio as a function of centrality; however, 
the measurement does not support such behavior, as can be observed in Fig. The 
A"*""*"/]? ratio depicted in Fig. Elhas the opposite behavior than the K*^ / K~ ratio. While 
the K*^/K~ ratio decreases from minimum bias p+p to Au+Au interactions, the A~^~^ /p 
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Figure 4. Left: (jy/K' ratios in Au+Au collisions at 4.87 GeV and in Pb+Pb 
collisions for the top 5% of the inelastic hadronic cross-section at 17.27 GeV [10) 
compared to the recent NA49 results for the top 7% of the inelastic hadronic Pb+Pb 
cross-section at ^/s^ = 12.32, 8.76, 7.62, and 6.27 GeV the recent STAR 

measurements at |y| < 0.5 for minimum bias p + p and for the top 10% of the inelastic 
hadronic Au+Au cross-section at ^/s^ = 200 GeV 19^, and the recent PHENIX 
measurement at \y\ < 0.5 for the top 10% of the inelastic hadronic Au+Au cross- 
section at ^/s^ = 200 GeV The (j)/K- ratios at = 200 GeV are offset 
from one another for clarity. Right: K*°/K ratios in e+e" [23 03 EOl EH , P + P 
[271 1331 1^ . and p + p 02] interactions at different cm. system energies compared to 
the recent STAR measurement at \y\ < 0.5 for minimum bias p + p and for the top 10% 
of the inelastic hadronic Au+Au cross-section at ^s„„ ~ 200 GeV (Ej . The STAR 
measurements of the 4>/K~ and K*^ / K~ ratios at |y| < 0.5 for the top 10% of the 
inelastic hadronic Au+Au cross-section at y/s^= 130 GeV ^JEl are also depicted. 
The errors on the ratios at ^s„„ = 200 GeV are the quadratic sum of the statistical 
and systematic errors. 



ratio remains constant, or even slightly increase from minimum bias p + p to central 
Au-|-Au interactions. In the case of the A^^, the regeneration probability should be 
higher than the rescattering of the decay products since a^n^p > a^n-jr 1121113 • Statistical 
model calculations [Ulini for Au-|-Au collisions underpredicts the A+^/p ratio presented 
in Fig. El The larger A'^'^ /p ratio measured may be due to the interplay between the 
rescattering of the A"*""^ decay products and A++ regeneration. 

The centrality dependence of the resonance ratios depicted in Fig. El suggests that 
the (f) regeneration and the rescattering of the decay products are negligible, and the 
A++ regeneration is slightly larger than the rescattering of the A++ decay products. 
In addition, the results shown in Fig. also suggest that the rescattering of the K*'^ 
decay products is dominant over the K*^ regeneration and therefore the reaction channel 
K* ^ Ktt is not in balance. As a result, the K*^/K~ ratio can be used to estimate the 
time between chemical and kinetic freeze-outs. Assuming that the minimum bias p + p 
measurement corresponds to the production at chemical freeze-out and using the most 
central measurement of the K*^/K~ ratio in Au-|-Au collisions for the production at 
kinetic freeze-out, the time between chemical and kinetic freeze-outs is short (~3 fm/c). 
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Figure 5. Left panel: The p^/tt", K*°/K-, /o/tt", (I)/K-, A++ /p, and A7A ratios 
as a function of dNch/drj at ^s„„ = 200 GeV measured by STAR. All ratios have been 
normalized to the corresponding ratio measured in minimum bias p + p collisions at 
the same cm. system energy and indicated by the dashed line. Right panel: The K*'^, 
(j), and A++ (pt) as a function of dNch/drj compared to that of tt~ ,K~ , and p. The 
errors shown are the quadratic sum of the statistical and systematic errors. 



The K*^, (p, and A^"*^ average transverse momentum {{pr)) as a function of dNch/dr] 
are compared to that of vr", K~ , and p in Fig. El The K*^, 0, and (pt) do not 
present a significant centrahty dependence. This is contrary to the general behavior of 
TT^, K~ , and p (px) that increase as a function of dNch/dr], as expected if the transverse 
radial flow of these particles increases. 

3. Conclusions 

Recent results on resonance production in A+A and p + p collisions at SPS and RHIC 
energies were presented. The measured K*^, and A^"*" masses are lower than previous 
measurements reported in while the A++ width is larger than the average reported in 
. Dynamical interactions with the surrounding matter, interference between various 
scattering channels, phase space distortions, and Bose-Einstein correlations are possible 
explanations for the apparent modification of resonance properties. The centrality 
dependence of resonance ratios may be interpreted in the context of hadronic cross 
sections. Using the K*^/ K~ ratio, the time between chemical and kinetic freeze-outs was 
estimated to be short (~3 fm/c). Further studies of resonances can provide important 
information on the dynamics of relativistic collisions and help in understanding the 
properties of nuclear matter under extreme conditions. 
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